Abstract: Paracetamol (acetaminophen) poisoning is common throughout the world. The management of nonstaggered (acute) paracetamol overdose is based on the plasma paracetamol concentration plotted on a treatment nomogram. In the UK there are two treatment lines on this nomogram, with the lower treatment line used for individuals felt to be at 'high risk' of paracetamol-related hepatotoxicity either as a result of induction of cytochrome P450 isoenzymes or reduction of intrahepatic glutathione. In this article we review the risk factors that, in current guidelines, are felt to increase risk due to a reduction in intrahepatic glutathione concentrations. Based on our review of the published literature, we feel that cystic fibrosis, acute viral illness, malnutrition, and eating disorders such as anorexia nervosa are likely to be associated with reduction in intrahepatic glutathione concentrations, and that this risk is likely to be related to malnutrition secondary to the disease. Chronic hepatitis C infection is also associated with reduced glutathione concentrations, although this appears to be independent of any associated malnutrition. Ageing and acute fasting are not associated with an increased risk of paracetamol-related hepatotoxicity due to reductions in glutathione concentrations. Finally, the evidence for HIV infection is inconclusive, particularly as the majority of studies were conducted in the pre-anti-viral treatment (HAART) era; however it is likely that patients with symptomatic HIV/AIDS have reduced glutathione concentrations due to associated malnutrition. Although there have been few studies which have specifically investigated whether there is an association between reduced intrahepatic glutathione concentrations and increased risk of paracetamol-related hepatotoxicity, in our opinion, it is likely that the above conditions that are associated with reduced glutathione concentrations, will be associated with an increased risk of paracetamol-related hepatotoxicity.
Introduction
The first cases reporting the association between paracetamol (acetaminophen, N-acetyl-p-aminophenol, 4-hydroxyacetanilide) overdose and acute liver injury and fatal hepatotoxicity were reported in the 1960s. 1, 2 Acute paracetamol overdose is now the most common cause of acute liver injury and acute liver failure in the UK, US, Canada, Australia, and Scandinavia. [3] [4] [5] [6] [7] The need for antidotal treatment with N-acetylcysteine (NAC) in the management of an acute paracetamol overdose taken at a single timepoint (nonstaggered overdose) is determined by plotting the measured plasma paracetamol concentration against the interval after ingestion on the paracetamol treatment nomogram. [8] [9] [10] There are currently two treatment nomograms used in the UK, known as the '200-line' and '100-line',
Intrahepatic glutathione depletion
Glutathione (γ-glutamyl-cysteinyl-glycine, GSH) is a ubiquitous intracellular mammalian reduced-thiol and tripeptide molecule which helps maintain a balanced intracellular redox state by preferentially binding electrophilic molecules. 16 It is particularly concentrated in hepatocytes, with the prevailing concentration of glutathione dependent on its rate of formation (which is rate-limited by both the availability of cysteine and the enzymatic activity of glutamate cysteine ligase), redox cycling from its glutathione disulfide form, and depletion following contact with highly electrophilic molecules, such as the paracetamol metabolite NAPQI. [16] [17] [18] [19] Once formed within hepatocytes, NAPQI preferentially binds to the cysteine residue of glutathione in a reaction catalyzed by glutathione S-transferase, resulting in a GSH-NAPQI conjugate. 16, 18, 19 This GSH-NAPQI conjugate is then metabolized stepwise by γ-glutamyl transpeptidase, dipeptidase, and N-acetylase, cleaving off the γ-glutamyl and glycine residues to ultimately form inert cysteine and mercapturate conjugates that are renally excreted. 16 This process prevents paracetamol-related hepatotoxicity, but at the price of irreversible consumption of glutathione. Although restoration of glutathione by de novo formation is normally quite rapid, when the amount and rate of NAPQI production exceeds the regeneration rate of glutathione, excess NAPQI is free to conjugate hepatic macromolecules, initiating hepatotoxicity. Animal studies correlate the degree of glutathione depletion with paracetamol-related hepatotoxicity, suggesting that hepatotoxicity ensues once glutathione levels diminish by more than 70% of normal values. 19, 20 Conversely, animals with above-normal intrahepatic glutathione levels, such as obese Zucker rats with 2.5 times the glutathione levels of lean Zucker rats, are protected against paracetamol-related hepatotoxicity, even after phenobarbital pretreatment that would normally be expected to enhance paracetamol-related hepatotoxicity. 21 There is therefore the potential that patients who have low baseline intrahepatic glutathione may be at greater risk of developing paracetamol-related hepatotoxicity as they may have a reduced capacity to detoxify NAPQI. Selected examples of disorders associated with diminished intrahepatic glutathione are presented, with consideration of the available evidence concerning the relationship between these disorders and the risk of paracetamol-related hepatotoxicity.
Congenital glutathione depletion and rare myopathies
Patients with altered glutathione homeostasis -such as those with autosomal recessive glutathione synthetase deficiency have congenitally low glutathione levels. 22 This condition is extremely rare, with less than 100 cases reported worldwide and therefore we feel that this is not likely to be of significance in terms of risk of paracetamol-related hepatotoxicity. A number of rare myopathy disorders are characterized by depletion of intracellular glutathione within myocytes, and anecdotal reports suggest that some patients might have increased susceptibility to paracetamol hepatotoxicity, even within the therapeutic dose range. 23, 24 However, the number of cases is too small to allow firm conclusions to be established, and few data exist concerning the relationship between glutathione concentrations in myocytes and within the liver in these patients.
Human Immunodeficiency Virus (HIV) infection
HIV-infection is associated with a systemic reduction of available glutathione to 30% of normal values, as measured in plasma, lung epithelial lining fluid, and peripheral blood mononuclear cells. [25] [26] [27] [28] [29] [30] [31] The systemic glutathione deficiency occurs in both established Acquired Immunodeficiency Syndrome (AIDS) as well as asymptomatic HIV-seropositive individuals. 28 Total glutathione concentrations of asymptomatic HIV-seropositive individuals are reported as 30% lower
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Hepatic glutathione depletion and paracetemol-related hepatotoxicity in plasma and 60% lower in lung epithelial lining fluid compared to healthy HIV-seronegative controls, although there is no correlation between plasma and lung epithelial lining fluid levels. 28, 32 The reduction of glutathione in HIV is likely to be a result of decreased systemic synthesis of glutathione rather than over-consumption, possibly due to the diversion of the glutathione precursor cysteine towards viral protein production. 27, 30 Glutathione depletion also correlates with HIV-related morbidity. 33 There are no data available to determine the effect of Highly Active Anti-Retroviral Therapy (HAART) on glutathione concentrations in patients with HIV. However, based on the above studies showing that depletion of glutathione is likely to be related to HIV morbidity (typically associated with high viral load, low CD4 count, or the presence of an AIDS defining diagnosis) we would expect that HAART would prevent, or reverse, these reductions in glutathione. It is important to note that the studies previously discussed were conducted in the pre-HAART era and therefore those individuals described as "asymptomatic" in these studies would be likely to still have high viral loads and low CD4 counts compared to "asymptomatic" individuals now on HAART who would have low/undetectable viral loads and high/normal CD4 counts.
Finally, it is unclear if the systemic glutathione deficiency seen in significant HIV infection is associated with reduced intrahepatic glutathione concentrations, as intrahepatic glutathione levels in lone HIV-seropositive patients have not been reported. However, simultaneous HIV and hepatits C infection results in reduced intrahepatic glutathione compared to either hepatitis C infection alone or noninfected controls. 34 The evidence for HIV altering glucuronidation and sulfation of paracetamol is controversial. In one study, there was no difference in glucuronidation or sulfation after a subtherapeutic (500 mg) dose of paracetamol between controls, asymptomatic HIV-positive individuals, and those with AIDS. 35 However, another study investigating administration of a supratherapeutic (1.5 g) dose of paracetamol demonstrated that there was significantly lower glucuronidation of paracetamol in individuals with AIDS compared to healthy volunteers and symptom-free HIV-positive patients. 36 Although there was an increase in NAPQI formation, it is likely that this reflected reduced glucuronidation in the AIDS patients rather than CYP450 induction. This latter study is more relevant to the overdose situation, since the first study used subtherapeutic doses of paracetamol and therefore may have been negative as the dose of paracetamol used would not have exceeded hepatic glucuronidation capacity.
Hepatotoxicity has been reported in an HIV-positive patient after a subtherapeutic dose of paracetamol (3.3 g over 36 hours; maximum therapeutic dose over a 36-hour period 6 g). 37 However, the patient had been unwell for 48 hours prior to use of paracetamol with fever, rash, and gastrointestinal symptoms, and it is possible that the abnormal liver function could be explained by the underlying medical disorder (such as a viral infection) irrespective of paracetamol ingestion. Hepatotoxicity has also been reported in a 45-year-old with HIV infection who developed hepatotoxicity after receiving therapeutic doses of paracetamol. 38 However, this patient had an underlying febrile illness, hepatitis B and hepatitis C infection, chronic alcohol use, malnutrition, and acute starvation. Therefore, in view of the multiple confounding medical factors it is not possible to assign causality to paracetamol in this case.
In summary, the evidence for whether HIV infection is associated with reduced intrahepatic glutathione stores and therefore an increased risk in patients presenting with paracetamol overdose is inconclusive and most of the data are from the pre-HAART era. There is the potential that patients with HIV infection, particularly those with symptomatic disease/AIDS will be at increased risk for paracetamolrelated hepatotoxicity and in our opinion these patients should be treated as high risk using the lower line on the paracetamol treatment nomogram.
Hepatitis C infection
Chronic hepatitis C infection was shown to be associated with diminished glutathione levels in plasma, liver, and in peripheral blood mononuclear cells in 105 patients with chronic hepatitis C infection compared to 51 healthy controls. 34 This depletion of hepatic and mononuclear cell glutathione concentrations was greater in the 55 patients with coexistent HIV infection compared to the 50 patients without HIV infection. There appeared to be no correlation between the activity of HIV infection, as determined by the T cell subset CD4 concentration, and the additional reduction in glutathione concentrations. In terms of the hepatitis C infection, the reduction in glutathione in plasma, liver, and peripheral blood mononuclear cells was correlated to both the replication activity of hepatitis C virus in peripheral blood mononuclear cells and the grade/severity of liver disease as determined by the alanine aminotransferase concentration and histological and fibrosis scores of chronic hepatitis C infection.
A study investigating intrahepatic glutathione concentration failed to demonstrate a difference between six patients with no pathological changes on light microscopy of a liver biopsy specimen (mean glutathione concentration 26.9 ± 8.1 µmol/g of hepatic protein) compared to those with "viral hepatitis," which included hepatitis C (mean glutathione concentration 47.4 ± 25.9 µmol/g of hepatic protein). 39 As noted above under the HIV infection section, there was a case of a 45-year-old with HIV and hepatitis C infection who developed hepatotoxicity related to regular "therapeutic use" of paracetamol. 38 However, as noted above there were other confounding factors which either contributed to or were the main cause of the hepatotoxicity (underlying febrile illness, chronic alcohol use, malnutrition, and "illnessinduced starvation").
There was also a case of an individual with underlying hemophilia B and associated hepatitis C, who developed acute hepatotoxicity following supratherapeutic ingestion (6 g per day) of paracetamol. 40 This patient was reported to also regularly drink in excess of 20 units of ethanol per day. It is therefore not possible to determine in this case the significance of the hepatitis C infection due to the underlying significant ethanol excess.
In the US Nationwide Inpatient Sample between 1998 and 2005, the effect of coexistent hepatitis C infection in patients presenting with paracetamol overdose was investigated. 41 The Nationwide Inpatient Sample is a 20% sample of all US hospitals; there were 42,781 paracetamol overdose hospitalizations in the sample. The prevalence of hepatitis C infection increased from 0.5% to 1.5% between 1998 and 2005. After adjusting for other confounders and those individuals with pre-existing cirrhosis, the risk of acute liver injury increased with coexistent hepatitis C infection (adjusted odds ratio [OR]: 1.80, 95% confidence interval [CI]: 1.30−2.48). Additionally, hepatitis C infection compared to those without infection was associated with greater risk of progression to severe liver failure (adjusted OR: 3.55, 95% CI: 1.88−6.70) and a higher crude mortality (2.1% vs 0.9%, P = 0.01).
A further reanalysis of this same dataset has been undertaken to investigate if the increased risks associated with hepatitis C infection were due to an increased risk of unintentional overdose in patients with underlying liver disease. 42 This reanalysis showed that the risk of acute liver injury was higher in patients with hepatitis C infection compared to those without for both intentional (12.2% vs 6.4%) and unintentional (29.6% vs 18.4%) paracetamol overdose. Additionally, in the multivariate analysis, hepatitis C infection remained a significant predictor of acute liver injury (OR: 1.42, 95% CI: 1.12−1.79) and liver failure (OR: 1.60, 95% CI: 1.22−2.10).
Although there appears to be evidence that there is a significant increased risk of paracetamol-related hepatotoxicity in those with chronic hepatitis C infection, we have not been able to find any published evidence that paracetamol overdose in those with acute hepatitis C infection is associated with the same increased risk. However, as discussed in more detail below, those individuals with an acute viral illness such as acute hepatitis C infection, are likely to have relative intrahepatic glutathione depletion, and therefore should also be considered to be at higher risk of paracetamol-related hepatotoxicity.
Intercurrent viral illness
Acute infection with several different viruses has been shown to be associated with glutathione depletion: this has been noted for influenza, rhinovirus, and parainfluenza, all common human pathogens. [43] [44] [45] The glutathione depletion is thought to be due to both cell leakage and preferential incorporation of cysteine into viral protein instead of glutathione. 46 There are multiple case reports of children with concurrent acute viral illnesses reportedly developing paracetamol-related hepatotoxicity in the setting of repeated supratherapeutic ingestions. [47] [48] [49] [50] [51] [52] [53] [54] [55] In one large series of 47 ill children experiencing paracetamolrelated hepatotoxicity after repeated supratherapeutic doses, the doses used were 60-420 mg/kg/day; allowing for possible inaccurate dose recall by parents, some children appeared to experience hepatotoxicity at what is generally considered subtoxic doses. 51 In conclusion, it is likely that acute viral illness-induced glutathione depletion does increase the risk of paracetamol-related hepatotoxicity. Therefore, patients with a current viral illness presenting with acute paracetamol overdose should be treated using the high-risk line on the paracetamol treatment nomogram.
Cystic fibrosis
Glutathione concentrations in patients with cystic fibrosis have been shown to be reduced in both lung epithelial lining fluid, as well as systemically. 56, 57 In one study comparing 21 individuals with significant airway inflammation related to cystic fibrosis with 25 healthy controls, glutathione in both lung epithelial lining fluid and systemically (as measured in plasma) was significantly reduced compared to 25 healthy controls. 56 In another study of 18 patients with cystic fibrosis, systemic glutathione (as measured in both whole blood and neutrophils) was significantly lower (P , 0.05) than in healthy controls; this deficiency was improved by oral NAC therapy. 57 This suggests that the changes in glutathione are not a consequence of the airway inflammation seen in those 
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Hepatic glutathione depletion and paracetemol-related hepatotoxicity with cystic fibrosis, but is related to a generalized deficiency of glutathione. The potential cause of this is that due to the underlying nature of cystic fibrosis, these individuals are relatively malnourished. There have been no studies which have assessed intrahepatic glutathione concentrations in patients with cystic fibrosis but it is likely given that these patients have decreased plasma glutathione that liver glutathione concentrations will also be reduced.
A study compared the metabolism of paracetamol in five individuals with cystic fibrosis to five age-matched healthy controls. 58 Individuals were dosed with 16 mg/kg (peak paracetamol concentrations were #30 mg/L and therefore these individuals were given a supratherapeutic but subtoxic dose). Overall, the total plasma clearance of paracetamol was greater in those with cystic fibrosis (0.362 ± 0.081 L/hour/kg) compared to controls (0.247 ± 0.022 L/hour/kg). The increased clearance was due to increased glucuronidation (increased 1.7-fold) and sulfation (increased 1.8-fold) of paracetamol in the cystic fibrosis group compared to the healthy controls. This would suggest that patients with cystic fibrosis may potentially be at less risk of paracetamol-related hepatotoxicity, since there will be less paracetamol that can be metabolized through the cytochrome P450 isoenzyme system to NAPQI. However, these individuals were not given a potentially "toxic" concentration of paracetamol, and therefore it is possible that this increased glucuronidation and sulfation may be exceeded in a paracetamol overdose. Furthermore, the cystic fibrosis group had a lower body weight (50.7 ± 13.8 kg) than the healthy controls (69.9 ± 9.8 kg) -because drug clearance is typically normalized for body weight; it has been suggested that the reported difference in this study may in fact be an artefact of this adjustment. 59 There is one case report of a 3-year-old child with cystic fibrosis who died following the use of a paracetamolcontaining product. 60 However, the death was not clearly attributable to paracetamol. The product used was an acetylsalicylic acid ester of paracetamol, which is broken down into paracetamol and salicylic acid after ingestion. Dosing of this product is based on measurement of salicylate concentrations alone, which likely led to inadvertent supratherapeutic dosing of paracetamol. In addition to cystic fibrosis, the child had juvenile chronic polyarthritis. The child's underlying condition initially improved over the first 2 weeks of treatment, before the child became increasingly unwell with a high salicylate concentration of 390 mg/L. Despite a dose reduction, the child continued to deteriorate and only at that time was the paracetamol concentration measured. This was 110 mg/L and there was increasing evidence of hepatic dysfunction.
The clinical condition continued to deteriorate and the child died; postmortem findings showed centrilobular hepatic necrosis and moderate cholestasis, which were attributed to paracetamol poisoning. Whilst the centrilobular necrosis would be consistent with acute paracetamol hepatotoxicity, we feel that it is likely that the cholestasis is attributable to salicylate-related Reye's Syndrome.
In conclusion, the evidence that cystic fibrosis is associated with an increased risk of hepatotoxicity due to reductions in glutathione concentrations in our opinion is inconclusive. We feel it is likely that any potential increased risk is not due to the underlying cystic fibrosis, but instead to the reduction in body weight and/or relative malnutrition seen in individuals with cystic fibrosis due to associated recurrent infections and respiratory disease seen in cystic fibrosis. Therefore, based on the current available literature, patients with cystic fibrosis should only be treated as high risk for paracetamol poisoning if they are malnourished.
Malnutrition, starvation, and fasting
Studies in rats suggest that protein calorie malnutrition reduces both glutathione concentrations and cytochrome P450 activity, and that these effects are reversed by cysteine supplementation. [61] [62] [63] [64] Despite the reduced cytochrome P450 activity, the dose of paracetamol required to kill half the study animals (LD 50 ) is halved in starved rats. This suggests that starvation-induced glutathione depletion outweighs any reduction in cytochrome P450 activity, leading to an increased risk of paracetamol-related hepatotoxicity. 63 Additionally, in rats, starvation causes increased glucuronidation at the expense of sulfation; 65 this study did not however report on the production of NAPQI. Mehta et al studied the pharmacokinetic profile following a 10 mg/kg paracetamol dose in eleven children with protein calorie malnutrition (five with kwashiorkor) and compared them to five healthy children. 66 Those children with protein calorie malnutrition had a reduction in the paracetamol elimination rate constant (K e 0.108 ± 0.015 per hour in those with malnutrition compared to 0.170 ± 0.022 per hour in controls) and an increased paracetamol half-life (8.14 ± 1.30 hours in those with malnutrition compared to 4.33 ± 0.52 hours in controls). The study was repeated in five patients after correction of their protein calorie malnutrition, and the effects of malnutrition were no longer present. It is important to note that in this study they did not look to determine whether there was altered metabolism of paracetamol to determine whether these changes would be of clinical significance in determining the risk of paracetamol-related hepatotoxicity. It should be submit your manuscript | www.dovepress.com
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Kalsi et al noted that with the change in half-life of paracetamol, the interpretation of the paracetamol concentration against the paracetamol treatment nomogram may not be appropriate, as this is based on a typical 4-hour half-life. However, there are no further studies to suggest that we should change the treatment line slope for those with protein calorie malnutrition, and therefore we would recommend treating those with protein calorie malnutrition on the same treatment nomogram but using the high-risk treatment line.
In contrast, acute fasting does not appear to alter paracetamol metabolism. Lee et al administered a therapeutic dose of paracetamol to four obese patients who had a mean 13 kg weight loss from dieting before dosage, and reported that paracetamol pharmacokinetics was unchanged; it should be noted, however, that they did not examine the production of NAPQI or related metabolites. 67 A subsequent well-designed study examined the effect of 500 calorie restriction in six obese (body weight . 30% of normal) otherwise healthy volunteers given 2000 mg paracetamol before and after 5 days of this strict diet. 68 The authors found that, despite modest mean weight loss of 2.7 kg, there was no alteration in the percentages of the various paracetamol metabolites (including mercapturic conjugates) retrieved from urine. 68 There are two relevant clinical studies examining the correlation between reduced food intake and paracetamolrelated hepatotoxicity. Whitcomb and Block retrospectively identified 49 patients over a 6-year period from a single institution with paracetamol overdose (.4 g/24 hours ingestion) and evidence of hepatotoxicity (AST . 1000 IU/L). 69 More detailed analysis of data from these patients was only undertaken for those presenting with unintentional paracetamol hepatotoxicity, ie, staggered supratherapeutic ingestions. In this group of patients, and in those who had ingested ,10 g/24 hours, fasting was associated with hepatotoxicity. 68 In those who had ingested .10 g/24 hours, chronic excessive ethanol intake was more associated with hepatotoxicity than fasting. It should be noted that a significant proportion of patients self-reported underlying viral type symptoms which, as discussed earlier, could have increased the risk of paracetamol-related hepatotoxicity. Additionally, the effect of fasting was only studied in those with paracetamol-related hepatotoxicity. There was no assessment of the proportion of patients who self-reported fasting but did not develop hepatotoxicity and the effect was only studied in staggered non-single time point ingestions. In a prospective study of 1085 patients with paracetamol overdose, serum urea, which was used as a marker of reduced protein catabolism secondary to malnutrition and cachexia, did not predict paracetamol-related hepatotoxicity. 70 In conclusion, existing data suggest that malnutrition, and in particular protein calorie malnutrition, is associated with altered paracetamol metabolism and an increased risk of paracetamol-related hepatotoxicity. There is difficulty in ascertaining the contribution of acute starvation to susceptibility to liver toxicity because fewer data exist concerning this patient group. Potential concerns have resulted in recent advice offered by the National Poisons Information Service in the UK to consider such patients as high risk in determining the need for NAC. Further work is required to explore the extent and duration of starvation that might be clinically relevant in terms of hepatotoxicity risk.
Eating disorders
In a controlled study comparing eleven patients with anorexia nervosa to twelve matched healthy controls, a low body mass index was associated with reduced systemic glutathione and cysteine. 71 There was no reduction in the precursor amino acids of glutathione, and therefore the authors concluded that the decreased glutathione was due to reduced synthesis. It is unclear what effect anorexia has on hepatic conjugation and cytochrome P450 oxidation of paracetamol, but it is likely the pattern would be similar to the effect of protein calorie malnutrition. The clinical effect of altered glutathione levels in anorexia is uncertain: one case report of an anorexic patient who had ingested 15 g paracetamol reported an uneventful clinical course following appropriate treatment with NAC. 72 There are no relevant cohort studies reporting on the outcomes of patients with both anorexia nervosa and paracetamol poisoning. However, in our opinion, individuals with a diagnosis of anorexia nervosa who have clinical evidence of malnutrition should be considered to be at higher risk of paracetamol-related hepatotoxicity, for the reasons discussed in the section above. There is no clear evidence as to when a person who has had a previous diagnosis of anorexia nervosa and has had treatment should no longer be considered to be at higher risk of hepatotoxicity. Without any clear evidence in this area, we would recommend an individual who clinically appears no longer to have anorexia (eg, normal/near-normal body mass index and/or self-reported history of eating normally or relatively normally) should be considered to be at normal risk and no longer at higher risk of paracetamolrelated hepatotoxicity.
Irrespective of hepatotoxicity risk, it is recognized that paracetamol overdose is associated with the occurrence of 
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Hepatic glutathione depletion and paracetemol-related hepatotoxicity hypokalemia in a dose-dependent manner. 73 This may be of importance in the setting of drug overdose given that psychiatric disease might be an independent contributor to hypokalemia. 74 Although bulimia nervosa is reported to be associated with a higher risk of paracetamol-related hepatotoxicity, we have been unable to find any published data on this association of increased risk. Unlike anorexia nervosa, a significant proportion of individuals with bulimia nervosa may not be underweight or have evidence of malnutrition. However, in our opinion, given that bulimia nervosa can be associated with malnutrition, we feel that those individuals with this underlying diagnosis who have clinical evidence of malnutrition should be treated according to the high-risk treatment line.
Aging
Aging is known to affect the hepatic metabolism of many drugs. Reduced clearance of drugs has been related to a 30%-40% reduction in liver volume, liver blood flow, and liver perfusion between the third and tenth decades of life. 75 Although standard reference values for liver function tests are not altered by aging, dynamic liver function tests are reduced selectively. 76 For instance, hepatic nitrogen clearance is significantly impaired by 30% amongst volunteers aged .70 years compared to ,55 years. 77 Also, the hepatic content of cytochrome P450 peaks by the age of 40, before declining by 16% up to 69 years of age, and by 32% beyond 70 years of age. 78 The clearance of drugs metabolized by the cytochrome P450 system is thus reduced by up to 50% in elderly patients. 79 These alterations are relevant to paracetamol metabolism. Pharmacokinetic studies utilizing therapeutic paracetamol doses show that paracetamol clearance is reduced. [80] [81] [82] This is associated with an altered proportional paracetamol clearance: when elderly patients (mean age 70.3 years) were compared to younger patients (mean age 23.1 years), the older patients had similar formation of glucuronide and glutathione conjugates, but significantly less sulfation (by 23.1%) and direct excretion of unchanged paracetamol (by 42.9%). 82 The glucuronidation capacity is, however, impaired in frail elderly patients. 83 There have been no toxicokinetic studies in elderly patients with paracetamol overdose; however, it is conceivable that the effects of diminished paracetamol clearance (thus increasing the paracetamol burden) may be offset by reduced cytochrome P450 function forming less NAPQI. However, it is likely that glutathione is less able to detoxify the NAPQI that is formed, as the functional capacity of the GSH/glutathione disulfide antioxidant system has been reported to decline in those aged over 45 years. 84 There are a number of studies which have shown that increasing age is associated with an increased risk of paracetamol-related hepatotoxicity. 41, 85, 86 In the US Nationwide Inpatient Sample described above, an increase in age of 10 years was associated with an increased risk of acute liver injury (OR: 1.21, 95% CI: 1.18-1.25), severe liver injury (OR: 1.46, 95% CI: 1.34-1.58), and in-hospital mortality (OR: 1.6, 95% CI: 1.49-1.71). 41 Subsequent reanalysis of this dataset showed that when increasing age per year was analyzed, this was not significantly associated with acute liver injury (OR: 1.01, 95% CI: 1.0-1.01). 42 However, it is possible that this latter reanalysis did not show any differences due to the fact that any potential changes in liver function and activity are not of clinical significance when considered on a year-by-year basis, but are of clinical significance when longer age-range comparisons are undertaken, as in the initial data analysis.
In a study of 75 patients with paracetamol overdose in Taiwan, multiple logistic regression analysis of risk factors for hepatotoxicity showed that age was an independent risk factor and patients with "major hepatotoxicity" were older (32.5 vs 24.2 years, P = 0.019) than those with no/minor hepatotoxicity. 85 In a larger study of patients presenting with acute liver failure (ALF) from all causes, 1016 were aged under 60 years, 49.1% had paracetamol-induced ALF and in the 110 patients aged over 60 years, 22.7% had paracetamolinduced ALF. 86 Multiple logistic regression analysis showed that age was not an independent risk factor for spontaneous survival. Subsequent analysis of those aged over 40 compared to those aged under 40 demonstrated that spontaneous survival was greater in the younger group (68.0% vs 58.9%, P = 0.043), although overall survival and transplantation rates did not differ between the two groups. 86 Whilst some studies suggest that increasing age is a risk factor for paracetamol-related hepatotoxicity, other studies suggest that this may not be the case. Some of the risks seen may represent other factors in addition to age such as underlying comorbidities and malnutrition in the elderly. In addition there is the potential that physicians may have been less likely to refer elderly patients to a liver transplant center and/or that elderly patients may be less likely to be listed for transplantation. Overall, we feel that the clinical importance of age as a risk factor is likely to be minimal and elderly patients should be treated as all other patients in terms of risk stratification for paracetamol overdose.
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Conclusions
Intrahepatic glutathione detoxifies the toxic metabolite of paracetamol, NAPQI, that is responsible for paracetamolrelated hepatotoxicity. 18, 19 Animal studies suggest that the rate of glutathione depletion correlates with paracetamol-related hepatotoxicity, and that hepatotoxicity occurs with loss of over 70% of intrahepatic glutathione stores from normal values. 19, 20 Therefore, individuals who have low baseline intrahepatic glutathione are likely to be at greater risk of developing paracetamol-related hepatotoxicity.
Current guidelines in the UK for the management of acute paracetamol overdose include a number of conditions reported to be associated with diminished intrahepatic glutathione concentrations as factors associated with increased risk of paracetamol-related hepatotoxicity. Based on our review of the published literature, HIV infection, chronic hepatitis C infection, cystic fibrosis, malnutrition, and eating disorders such as anorexia nervosa are likely to be associated with reduction in intrahepatic glutathione concentrations. However, the published literature does not always appear to correlate the association between reduced intrahepatic glutathione concentrations and increased risk of paracetamolrelated hepatotoxicity. The evidence for HIV infection is inconclusive and the majority of studies were conducted in the pre-HAART era and may not reflect current management and clinical outcomes in HIV infection. Additionally, the association with cystic fibrosis and eating disorders such as anorexia nervosa appear not to be related to the underlying medical conditions per se, but instead to the association with malnutrition. Part of the difficulty in determining risk in a clinical setting is the lack of a readily accessible measure of hepatic glutathione stores. A number of simple blood and urinary markers have been explored, but these have either proven to be ineffective or there are insufficient data to support their use as a surrogate marker, for example serum glutathione transferase activity, enzyme-uria, and proteinuria. [87] [88] [89] Therefore, in our opinion, the risk of paracetamol-related hepatotoxicity related to reduction in intrahepatic glutathione concentrations is related to malnutrition, and in particular protein calorie malnutrition, whether this is a primary diagnosis or secondary to another underlying medical condition. Finally, based on the published medical literature, chronic hepatitis C infection, independent of any associated malnutrition, is associated with increased risk of paracetamol-related hepatotoxicity.
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